Functional imaging of the human brain is an increasingly important technique for clinical and cognitive neuroscience research, with functional MRI (fMRI) of the blood oxygen level-dependent (BOLD) response and electroencephalography or magnetoencephalography (MEG) recordings of neural oscillations being 2 of the most popular approaches. However, the neural and physiological mechanisms that generate these responses are only partially understood and sources of interparticipant variability in these measures are rarely investigated. Here, we test the hypothesis that the properties of these neuroimaging metrics are related to individual levels of cortical inhibition by combining magnetic resonance spectroscopy to quantify resting GABA concentration in the visual cortex, MEG to measure stimulus-induced visual gamma oscillations and fMRI to measure the BOLD response to a simple visual grating stimulus. Our results demonstrate that across individuals gamma oscillation frequency is positively correlated with resting GABA concentration in visual cortex (R ‫؍‬ 0.68; P < 0.02), BOLD magnitude is inversely correlated with resting GABA (R ‫؍‬ ؊0.64; P < 0.05) and that gamma oscillation frequency is strongly inversely correlated with the magnitude of the BOLD response (R ‫؍‬ ؊0.88; P < 0.001). Our results are therefore supportive of recent theories suggesting that these functional neuroimaging metrics are dependent on the excitation/inhibition balance in an individual's cortex and have important implications for the interpretation of functional imaging results, particularly when making between-group comparisons in clinical research.
T he high spatial resolution and noninvasive nature of blood oxygen level-dependent (BOLD) functional MRI (fMRI) (1) have led to it becoming one of the most popular tools for measuring brain function in human neuroscience. However, fMRI provides only an indirect measure of neural activity by measuring task-related changes in cerebral haemodynamics that are coupled by a complex and only partially understood mechanism to changes in underlying neural activity. Recent evidence suggests that oscillations in the gamma frequency range, loosely defined as approximately 30-100 Hz, are well correlated temporally, spatially, and functionally with haemodynamic changes in cortex, suggesting a close relationship with the BOLD response (2-6). There is also increasing evidence that the most plausible mechanism for the generation of gamma oscillations is a neuronal network containing a mixture of interconnected pyramidal cells and GABAergic inhibitory interneurons (7) (8) (9) (10) with the balance of excitation-inhibition setting the peak gamma oscillation frequency of the network (11) . Similarly, it has recently been argued that the magnitude of the BOLD response is also sensitive to this excitation-inhibition balance (12, 13) .
In the current study, we tested the hypothesis that the local level of inhibition in an individual's brain contributes to the variability seen in both gamma oscillation frequency and BOLD response magnitude. As a measure of inhibition, the endogeneous resting concentration of GABA was quantified using edited magnetic resonance spectroscopy (MRS) (14) from a single voxel in the medial occipital pole. Magnetoencephalography MEG was used in the same participants to measure stimulus-induced sustained gamma oscillations in response to the presentation of a high-contrast, static, 3 cycle/degree grating patch. Similar low-level visual stimuli have previously been shown to be a strong inducer of gamma oscillations in the primary visual cortex of cats (15, 16) and humans (17) (18) (19) . In subsequent recording sessions with the same participants, fMRI was used to measure the BOLD response in primary visual cortex to the identical visual stimulus used in the MEG.
Results
In all participants, resolved MRS peaks were observed for both Glx (combined glutamate/glutamine) and GABA metabolites (Fig. 1B ) from a single voxel located in the medial occipital pole (Fig. 1 A) . By comparing the integral of the peak to an additional measurement of the unsuppressed water signal for the same volume, a measure of GABA concentration (quantified in institutional units) was calculated for each participant (see also supporting information (SI) Fig. S1 ).
Gamma frequency effects were localized in each individual using a nonlinear beamformer algorithm (20) and, in general, participants showed gamma oscillation responses that were confined to the right visual cortex, contralateral to the side of stimulation ( Fig. 1 A and Fig. S2 ). Placing a virtual electrode at the peak-source location and performing time-frequency analysis revealed a rich mixture of rapidly adapting onset responses and an induced gamma response that was sustained throughout stimulus presentation ( Fig. 2A ). There were clear differences in the peak frequency of this sustained gamma oscillation across our participants. This ranged between 40 and 66 Hz and, as with previous studies (21) , is stable across repeat recording sessions (Fig. 2B) . Gamma frequency and amplitude were not correlated (R ϭ 0.03, P ϭ 0.9).
When the metabolite concentrations were compared to the gamma oscillation frequency and magnitude, only the oscillation frequency was correlated with the level of GABA (frequency: R ϭ 0.68, P Ͻ 0.02, Fig. 4 Left; amplitude: R ϭ Ϫ0.17, P ϭ 0.6).
We also investigated the dependency of gamma frequency and amplitude on age, Glx concentration in the same MRS voxel, and structural parameters within the medial occipital lobe, including gray matter thickness and total gray matter volume. No significant dependency was found on any of these parameters for either gamma magnitude or frequency (see Tables S1 and S2) , although a trend toward significance was found for gamma amplitude and total lingual-cuneal gray matter volume (R ϭ 0.58, P ϭ 0.06).
As with the MEG recordings, we observed robust BOLD responses in the expected retinotopic area of primary visual cortex in all participants. Fig. 3 shows thresholded statistical probability maps of the BOLD response for the same representative participants in Figs. 1 and 2 (BOLD statistical probability maps for all participants can be found in Fig. S3 ). The magnitude of the BOLD response showed considerable variability across participants (range 0.9-2.5%). The magnitude of the BOLD response was negatively correlated with both GABA concentration (R ϭ Ϫ0.64, P Ͻ 0.05, Fig. 4 center) and gamma oscillation frequency (R ϭ Ϫ0.88, P Ͻ 0.001, Fig. 4 Right). BOLD amplitude did not correlate with gamma magnitude or other structural variables (see Tables S1 and S2 ).
Discussion
In this experiment, we found, across participants, that the endogenous resting concentration of GABA was positively correlated with the frequency of stimulus-induced gamma oscillations in medial occipital cortex. This result is consistent with a recent modeling study by Brunel and Wang (11) of a realistic cortical network in which interneurons and excitatory pyramidal cells are interconnected in reentrant loops. In this network, the dominant population response occurs in the gamma frequency range of 30-100 Hz and depends strongly on the ratio between excitatory and inhibitory connections and their time constants. Consistent with our current data, this mixed model predicts that as inhibition increases, the excitation/inhibition ratio will decrease and the dominant frequency will increase. One important feature of this model is that it predicts the emergence of gamma oscillations in coupled ensembles of inhibitory interneurons and pyramidal cells when the activity of individual neurons shows little evidence of firing in the gamma power band. This behavior has been found in monkey primary visual cortex (22) in which a gamma band peak is seen in the power spectrum of local-field potentials (LFPs) at high contrast but not in the firing of individual neurons, although other studies have also found that some cells in visual cortex show intrinsic gamma bursting or chattering (23) . Evidence from hippocampal slice recordings shows that gamma oscillations are observed both in population activity and the firing profiles of individual inhibitory interneu- Orange/yellow represents power increases and blue/purple power decreases from baseline. In each plot, the white line indicates the peak sustained gamma frequency that showed the greatest change in response to the stimulus. (B) The difference power spectrum for the same participants in Fig. 1 (orange and blue), averaged over the period from 0.5-2.0 s after stimulus onset. Intersubject differences are visible in both the frequency and amplitude of the gamma response. Note the stability of peak frequency across sessions, which were separated by at least 2 weeks for both participants. MEG source localization maps and time-frequency analyses for all participants are contained in Fig. S2 . rons (9, 24) . In these intrinsically oscillating hippocampal cells, GABA appears to have the opposite effect to that predicted by the Brunel and Wang model (11) and our data, that is, as inhibitory drive is reduced by application of bicuculline, gamma oscillation frequency actually increases (9) . Our data, in which gamma frequency increases with increasing GABA, is therefore more consistent with the ensemble properties of the Brunel and Wang model (11) rather than a model in which gamma oscillations arise from the firing properties of individual cells. In interpreting our results, it is important to remember that the bulk concentration of GABA present in the MRS voxel does not necessarily reflect the ability of GABA to locally modulate the excitation-inhibition balance within pyramidal-interneuron networks and hence modulate both the BOLD response and oscillation frequency. However, the fact that we do observe such a strong correlation suggests that MRS measures of bulk concentration do indeed provide a window into this network property. Ultimately, these issues can only be properly resolved by experiments examining how pharmacological manipulation of GABA affects the oscillatory dynamics of both single neurons and LFP ensemble activity in stimulus driven responses in visual or other sensory cortices. To our knowledge, unlike in the hippocampus, such experiments have not yet been performed.
In this study, no correlation was found between the Glx measure and any of the other parameters we studied. This is perhaps surprising, as glutamate should play an important role in the determination of the excitation/inhibition balance in cortex. However, Glx reflects a mix of both glutamate and glutamine and the 1 H 3-Tesla MRS sequences used here are unable to separate the contributions of the 2 molecules. Estimates in the literature vary, but the cortical concentration of glutamine may be as high as 45% of the concentration of glutamate (25) . Our inability to demonstrate any correlations with Glx may therefore be a consequence of the mixed nature of this measure. More complex future spectroscopic investigations, perhaps at higher field strengths or using other nuclei (such as 13 C), may well reveal the importance of glutamate in studies such as ours. In our data, we did note a trend to significance between gamma amplitude and total lingual-cuneal gray matter volume. One possible explanation for this trend is that individuals with a larger volume of gray matter show increased spatial summation across a greater number of available neurons and/or cortical columns, leading to a larger gamma oscillation in the resultant macroscopic MEG signal.
In the present experiment, we used a relatively fast boxcar design (2 seconds ''on'' 10 seconds ''off'') to make the BOLD and MEG stimulation paradigms and data as comparable as possible. While this boxcar is relatively short for an fMRI experiment, previous modeling work and empirical data demonstrate that robust, stimulus-specific BOLD responses can be found in a visual cortex with this or similar timing schemes (19, 26, 27) . A further issue with the use of short boxcar fMRI designs is a potential resonance of the boxcar frequency of 0.08 Hz with the 0.1 Hz oscillation caused by pulsatile motion in the vascular bed (28, 29) . This raises the possibility that the variability in BOLD amplitude that we measure is linked to individual variability in this vasomotion signal, rather than being of neural origin. The current data cannot provide evidence either for or against this explanation. However, previous fMRI data has shown that the spatial distribution of activity from short boxcar designs is very similar to that from longer boxcar designs and that there is no evidence of a resonance ''spike'' in the amplitude profile (26) . However, this possible vasomotion confound still is a theoretical possibility and is a specific example of the more general issue that intersubject variability in vascular perfusion and reactivity may play a key role in the relationships we describe here. Future studies using, for example, MRI perfusion techniques should provide important information to address these issues.
The current experiment has focused on stimulus-induced gamma oscillations and BOLD responses, with both measures calculated relative to baseline, and found a correlation of these measures with resting (baseline) GABA levels. The relatively poor signal-to-noise of gamma oscillations in our data precludes an analysis of resting gamma frequency and amplitude as we see no evidence of a gamma signal in the resting power spectrum of our data. In some participants, there are indications of taskrelated suppression of the baseline alpha and beta rhythm following visual stimulation, for example in Fig. 2 . Sourcelocalization of these changes show that the main effects of alpha/beta desynchronization are typically an extended network of sources in extrastriate and posterior parietal cortices (19, 30) . The alpha and beta desynchronization seen in our calcarine source reconstructions may therefore represent bleed from the imperfect spatial filtering analysis (20) rather than a true focal suppression of these rhythms in primary visual cortex.
Both gamma oscillation peak frequency and GABA concentration were found to be negatively correlated with the BOLD response amplitude across participants, such that increased inhibition and gamma oscillation frequency are associated with a reduced BOLD response magnitude. This is consistent with a recent study in rat somatosensory cortex (31) , which measured the BOLD response after i.v. administration of vigabatrin, a drug that inhibits the action of GABA transaminase (GABA-T), which normally acts to break down GABA. This blocking of GABA-T resulted in increased GABA levels as measured with MRS and a significantly reduced BOLD response. In humans, a recent study combining GABA MRS and fMRI demonstrated that the negative BOLD response in the anterior cingulate region of the default mode network increased with increasing GABA across participants (32) . Taken together, these data suggest that individuals with relatively high GABA concentrations in an area will exhibit relatively small positive BOLD responses and relatively large negative BOLD responses.
In principle, there at least 2 routes by which GABA concentration could alter BOLD response magnitude across participants. Firstly, there is a body of evidence that demonstrates that GABAergic interneurons can directly affect local circulation by release of several vasoactive neuromodulators (33, 34) . Interneuron activity could therefore, in parallel, drive gamma frequency and the BOLD response. Alternatively, the GABAergic influence on BOLD may take place via the pyramidal cells and the metabolic demands associated with glutamate cycling (35) with increased GABA activity creating less glutamatergic activity. Under this interpretation, visual stimulation increases the total population activity; however, circuits with increased GABA may show more dampened evoked excitatory activity leading to a decreased BOLD response. It is also known that cortical networks with lower oscillatory frequencies are capable of sustaining larger networks due to decreased inhibition and it has been shown that the application of GABA antagonists increases horizontal cortical spread of excitation (36) and increases cerebral oxygen consumption (37) . Further studies will be required to better elucidate these mechanisms and additional recording of physiological factors such as baseline perfusion should prove informative. A need also exists to test the generality of these results across the cortex, although recent data in human anterior cingulate (32) and rat somatosensory cortex (31) suggest the dependence of BOLD on GABA concentration may be a widespread phenomenon in the brain.
The results we present here have important implications for the interpretation of fMRI data, particularly those employing between-group comparisons (e.g., patients versus controls) that look for BOLD group differences within the brain in response to a particular experimental paradigm. Our data suggests that if such differences are found they could potentially be explained by group differences in either global or local GABA concentration/ gamma network frequency regardless of the actual experimental paradigm used to stimulate the response. This could lead to a different interpretation of these experiments (one based more on anatomical circuit properties rather than task) than might have previously been made, as GABA concentration is rarely measured in fMRI protocols. In the future, the measurement of GABA concentration might be a useful addition to fMRI protocols and could be used as a covariate in the analysis of group fMRI data. This should be relatively practical for some studies as the data can be acquired in the same imaging session, although a strong prior hypothesis is needed to place the MRS voxel.
The possible sensitivity of MEG measures to GABA-mediated inhibition also suggests that the measurement of induced gamma-oscillation frequency in an individual may be useful within the context of pharmacological manipulations or clinical populations. For example, it has been shown that gamma oscillations across the cortex are modulated by a variety of drug preparations, including a morphine-induced decrease in inhibition (38) . Although studies in humans looking at changes in stimulusinduced visual gamma oscillations and their relationship to GABAergic compounds have yet to be performed, the GABAergic agonist diazepam has been shown to increase rolandic beta amplitude and decrease the frequency of oscillation measured using MEG (39) . In terms of pharmacological studies, MEG provides added opportunities over MRS in that it is a time-resolved technique that could assess changes in oscillation frequency over relatively short periods of time (tens of
The correlations we have found between BOLD amplitude, gamma band frequency and resting GABA concentration may also be an important consideration in studies of diseases where GABA abnormalities are thought to play a role, such as epilepsy or schizophrenia (40) . For example, it has been proposed that impairment of GABA-mediated inhibition in schizophrenia may lead to a reduction in synchronized network oscillations (41) . In epilepsy, it has previously been shown that a moderate decrease in synaptic inhibition within neocortex slice preparations can lead to synchronous epileptiform discharges (27) and patients also show increased evoked gamma responses in the gamma frequency range (42) . However, the importance and possible mechanisms by which GABAergic inhibition might be implicated in epilepsy are complex (43) and combined MEG, fMRI, and MRS studies such as the one we report here may help in clarifying these issues.
Methods
Participants and Stimuli. Twelve healthy right-handed male volunteers with normal or corrected-to-normal vision (mean age 34.8) participated in the experiment after giving informed consent; MEG, MRS, and fMRI data were collected on separate days.
For the MEG and fMRI experiment, identical stimuli consisting of vertical, stationary, maximum-contrast, 3 cycles per degree, square-wave gratings were presented on a mean luminance background. Gamma corrected stimuli were presented in the lower left visual field and subtended 4°both horizontally and vertically, with the upper right corner of the stimulus located 0.5°h orizontally and vertically from a small red fixation point. Participants were instructed to maintain fixation for the entire experiment and, to maintain attention, were instructed to press a response key as fast as possible at the termination of each stimulation period. For the MEG experiment the duration of each stimulus was 1.5-2 s followed by 2 s of fixation cross only. Two hundred stimuli were presented in a session and participants responded to the first 100 stimuli with either the right or left hand and for the second 100 trials with the opposite hand. The entire session took 20 min. For the fMRI experiment the duration of each stimulus was 1.5-2 s followed by 10 s of fixation cross only, with 42 events presented in the session. In the MEG a Mitsubishi Diamond Pro 2070 monitor controlled by Presentation software was used to present all stimuli (1024 ϫ 768 pixel resolution, 100 Hz refresh). For the fMRI experiment, stimuli were controlled by a Visage and presented via a Canon Xeed SX60 (1024 ϫ 768 pixel resolution, 60 Hz refresh).
MEG Methods.
Whole-head MEG recordings were made using a CTF 275-channel radial gradiometer system sampled at 1200 Hz (0 -300 Hz band-pass). Twenty-nine reference channels were recorded for noise cancellation purposes and the primary sensors were analyzed as synthetic third-order gradiometers (44) . Three of the 275 channels were turned off due to excessive noise.
Offline, each dataset was band-pass filtered using a fourth order bidirectional IIR Butterworth filter into 4 frequency bands 0 -20 Hz, 20 -40 Hz, 40 -60 Hz, and 60 -80 Hz based on our previous work (19) using evenly spaced frequency bands for balanced covariance estimation (45) . The SAM (synthetic aperture magnetometry) beamformer algorithm (20) was used to create differential images of source power for 1.5 s of baseline (Ϫ1.5-0 s) compared to 1.5 s of visual stimulation (0 -1.5 s). Details of the calculation of SAM pseudoT source image statistics are described elsewhere (20, 44) . To achieve MRI/MEG coregistration, before the MEG acquisition, fiduciary markers were placed at fixed distances from anatomical landmarks identifiable in the participant's anatomical MRIs (tragus, eye center). Fiduciary locations were verified afterward using high-resolution digital photographs. For source localization, a multiple local-spheres (46) forward model was derived by fitting spheres to the brain surface extracted by FSL's Brain Extraction Tool (47) . Estimates of source power were at 4 mm isotropic voxel resolution for each participant and frequency-band.
The peak locations of activity in primary visual cortex for each participant were located in these images and virtual electrodes were generated for these locations by SAM beamformer reconstructions obtained using covariance matrices band-pass filtered between 0 and 100 Hz (20) . Time-frequency analyses of these virtual electrodes were conducted using the Hilbert transform from 1 to 100 Hz in 0.5 Hz steps and represented as a percentage change from the average baseline value for each frequency band. From these time-frequency spectra, peak gamma band frequency and amplitudes, expressed as percentage change from baseline, were obtained. Individual SAM images were thresholded using permutation testing (48) (1000 permutations; P Ͻ 0.01 corrected).
Magnetic Resonance Methods.
Magnetic resonance (MR) data were acquired on a 3T GE scanner with an 8-channel receive-only head rf coil. For each participant we obtained a 3D FSPGR scan with 1 mm isotropic voxel resolution for use with the MEG and fMRI analyses and for assessment of cortical thickness and volume.
GABA-edited MR spectra were acquired from a 3 ϫ 3 ϫ 3 cm 3 volume positioned medially in the occipital lobe using the MEGA-PRESS method (14, 49) . As shown in Fig. 1 , the lower face of the voxel was aligned with the cerebellar tentorium and the voxel was positioned so as to avoid including the sagittal sinus and to ensure the volume remained inside the occipital lobe. The following experimental parameters were used: TE ϭ 68 ms; TR ϭ 1800 ms; 512 transients of 2 k data points were acquired in 15 min; a 20 ms Gaussian editing pulse was applied at 1.9 ppm in alternate scans. Phased-array coil data were combined (using the first point of the unsuppressed water free induction decay signal) and spectra were processed by locally written software. Three hertz exponential line broadening and a high-pass water filter were applied, and the MEGA-PRESS difference spectrum was produced. The edited GABA signal at 3 ppm and the unsuppressed PRESS water signal were integrated; a concentration measurement in institutional units was derived by accounting for the editing efficiency and the T1 and T2 relaxation times of water and GABA. The integral of the GABA peak was calculated automatically using a linear fit of the baseline and a Gaussian fit to the peak itself (50) . Two 15 min measurements were made and the mean concentration measurement was calculated for each participant.
fMRI data were acquired using a gradient echo EPI sequence taking 30 axial slices at 3 mm isotropic voxel resolution centered over the visual cortex using a 64 ϫ 64 matrix size, echo time of 35 ms, 90°flip angle, and T R of 2 s. fMRI data were analyzed using the FSL software library using the following preprocessing; motion correction using MCFLIRT (51), nonbrain removal using BET (47); spatial smoothing using a Gaussian kernel of FWHM 5 mm; mean-based intensity normalization of all volumes by the same factor and high-pass temporal filtering (Gaussian-weighted leastsquares straight line fitting ϭ 50 s). The GLM was used to model a 2/10 s boxcar for each stimulus, after convolution with a standard haemodynamic response function to account for haemodynamic effects. For registration, data were initially registered to a whole-brain EPI scan and then to the FSPGR scan. The peak BOLD response in primary visual cortex in the amplitude images was converted into percentage signal change. Statistical thresholding was performed using Gaussian random field theory for the whole brain volume at a corrected significance of P ϭ 0.05 (52) . Freesurfer (53) was used to obtain measures of cortical volume and cortical thickness in the occipital lobe. These were calculated by averaging the reconstructed mesh surface area and thickness measures for the lingual and cuneal gyri, which effectively provides average measures for the medial aspect of the occipital cortex. This region matches the approximate position of the spectroscopy voxel and includes the pericalcarine region in which the gamma sources were localized by MEG and the peak BOLD response in primary visual cortex.
